The elastic properties of the lung are of primary importance to normal function. A definitive study of these properties entails the simultaneous measurement of pressure and volume under static conditions. A plot of the relationship between pressure and volume in the lungs results in a curve which is approximately linear in the middle part of the vital capacity. The retractive force in this limited part of the curve is a direct function of volume. Although elastic performance is a complex phenomenon, the balance of lung elastic behavior occurs without a delay in time and the majority of the elastic work done on the lung during inspiration can be recovered on expiration. Maj or contributions are made to the over-all elastic behavior of the lungs by surface phenomena and tissue factors. Factors of minor importance include the bronchial and bronchiolar smooth muscle and the amount of blood in the pulmonary vascular bed.
The elastic properties of the lung are of primary importance to normal function. A definitive study of these properties entails the simultaneous measurement of pressure and volume under static conditions. A plot of the relationship between pressure and volume in the lungs results in a curve which is approximately linear in the middle part of the vital capacity. The retractive force in this limited part of the curve is a direct function of volume. Although elastic performance is a complex phenomenon, the balance of lung elastic behavior occurs without a delay in time and the majority of the elastic work done on the lung during inspiration can be recovered on expiration. Maj or contributions are made to the over-all elastic behavior of the lungs by surface phenomena and tissue factors. Factors of minor importance include the bronchial and bronchiolar smooth muscle and the amount of blood in the pulmonary vascular bed.
For many years the elastic properties of the lungs were attributed to elastic tissue fibers. Surface phenomena were not considered important until 1929 when von Neergaard (1) pointed out that the forces arising from the air liquid interfaces throughout the lung parenchyma could be eliminated by the complete replacement of the gas in the lungs with liquid. He demonstrated that pressure was less in the liquid-filled lung than in the air-filled lung at comparable volumes. He assumed an identical operation of tissue elastic factors in air-and liquid-filled lungs.
Radford (2) estimated the surface area of excised lungs, using the principles established by von Neergaard. The difference between air and saline pressure-volume curves during emptying was taken as a measure of the recoverable surface en-t Investigator of the Arkansas Heart Association.
ergy. The surface area of the lung was calculated from the recoverable energy. Surface tension was assumed to be 50 dynes per cm. Brown (3) repeated this work. He assumed a value for surface tension at maximal lung inflation. He then calculated a relative value for surface tension at successively lower levels of lung inflation by estimating the change in area associated with the change in volume. In his calculations Brown assumed that the spatial coordinates of all lung units decreased proportionately during deflation.
The purpose of the experiments to be presented was to elucidate further the factors involved in the elastic properties of the lung. The filling of the lungs with mercury metal was studied. It was possible to define the change in surface area of the lungs with accuracy because of the high surface tension of mercury. The equation utilized by Radford (2) was applied in this study:
where P is pressure, V is volume, y is surface tension and A is area. The right-hand side of the equation was derived from the Helmholtz equation for the free energy of the surface. It was assumed that temperature was constant and that the quantity and composition of the associated bulk phases were independent of area.
Another approach to the problem was to eliminate the tissue elastic properties of the lungs. It was found that after sodium hydroxide extraction and treatment with elastase, the lung no longer exhibited elastic behavior when filled with saline. The pressure-volume measurements with air permitted a study of the geometry of these lung preparations.
MATERIAL AND METHODS
The experiments with mercury filling were carried out as follows. Adult mongrel dogs were given pentobarbital anesthesia (25 to 30 mg per kg of body weight). A Neophor valve was connected to a cuffed endotrachga tube and the animal was ventilated with oxygen at an adjustable positive pressure; expiration was passive at ambient pressure. After opening the chest carefully to avoid injury to the lungs, the trachea was clamped. Virtually all of the gas was absorbed from the lungs prior to cardiac standstill (4). The gas-free lungs were excised and the pulmonary artery and left atrium ligated. A glass connector was secured in the trachea. The preparations were weighed and transferred to a bowl containing mercury metal and isotonic saline solution. Pressure was measured -from the tracheal cannula with an open mercury manometer. The lungs were filled with mercury from a glass syringe through an arrangement of three-way stopcocks. The introduction and withdrawal of mercury were performed slowly allowing 3 minutes for equilibration at each volume increment. The pressure in the manometer was related to the surface of the mercury bath. Subpleural mercury spherules were measured with a stereomicroscope at various volumes of lung distention. Care was taken to avoid contact of the mercury-filled lung with the bottom of the bowl, since this elevated the manometer pressure. The lungs were filled to a volume of 500 to 735 ml. The filling and emptying was repeated three times in some of the preparations. At the end of each cycle the lungs were removed and weighed to determine the amount of trapped mercury. The pressure-volume relationships of some of the lungs were studied with saline filling. Preparations were also dried with air and examined microscopically.
A portion of the mercury-filled lung floated above the surface of the mercury reservoir. To correct the pressures in this part of the lung, the volume of exposed preparation was calculated by Archimedes' principle using densities of 1.005 for isotonic sodium chloride solution, 1.05 for lung tissue, and 13.6 for mercury. The area of contact between the lung and the mercury reservoir surface was estimated for various levels of lung distention. The mean transpulmonary pressure in the exposed part of the lungs was equivalent to the pressure at a level equal to one-half the exposed volume divided by the contact area. This correction was small at volumes of distention in excess of 300 ml in the dog lungs. The transpulmonary pressure in the submerged portion of the lung was equal to the difference between the mercury reservoir level and the height of mercury in the manometer. The corrected transpulmonary pressure at any given volume of distention can be expressed as: (PmV, + PRV0)/100
where Pm is the height of the mercury column in the manometer relative to the surface of the mercury reservoir, P0 is the mean transpulmonary pressure in the exposed part of the mercury-filled lung preparation, Vi is the volume percentage of the mercury-filled lung which is immersed, and Ve the volume percentage exposed. The size of the manometer rendered capillarity unimportant.
The interfacial tension between mercury and extracts of tracheobronchial mucus was measured with the drop weight method described by Bartell, Case and Brown (5) . The mean results with aqueous and saline solution extracts against mercury were 9 per cent higher than those bletween mercury and distilled water, Because the intermolecular cohesive forces in mercury are high, the lunglining layer must penetrate this phase only very slightly, if at all. Other data on the interfacial force area relationships of biological materials against mercury have not been found. As a conservative estimate the calculations in this report were made with an assumed lung mercury interfacial tension of 370 dynes per cm.
The experiments on extracted lungs were performed on dogs of similar body weight. Anesthesia and ventilation were carried out as described before. The lungs were exposed through an extensive transverse incision of the chest. Compliance was determined with a method described previously (6) . The lungs were rendered free of gas and then excised. Blood was removed from the pulmonary vessels by perfusion with isotonic saline solution. The vessels were ligated. A glass cannula was tied into the trachea and the lungs were transferred to a vat containing 0.1 N sodium hydroxide solution. This solution was poured into the trachea under a pressure which never exceeded 10 cm of water. Fresh sodium hydroxide solution was replaced frequently over a period of 3 to 5 days with repeated filling of the lungs.
The lung preparations were rinsed with water followed by carbonate buffer at pH 8.8 (7) . Crystalline elastase was dissolved in carbonate buffer (16 mg per L). The lung was filled with and immersed in this buffered enzyme solution. The preparation was incubated at 370 C for 18 to 24 hours at the end of which time the pH of the solution varied between 8.6 and 9.1. The lung preparations were drained of fluid and inflated with air. After determining that the preparations would hold air, pressure-volume relationships were measured with a stepwise inflation and deflation. In order to assess the flow-resistive characteristics of these preparations, the time course of passive collapse was also studied. Flow was recorded from a conventional pneumotachograph and pressure was measured with a strain gauge transducer. Surprisingly little air remained trapped within the lung preparations following passive deflation. This trapped gas was not measured but has been estimated as less than 30 ml.
The preparations were transferred to a vat containing a mixture of ethanol and ether (3: 1 by volume). This solution was poured into the trachea. After 30 to 45 minutes in this bath they were drained of liquid and pressurevolume relationships were again measured with air inflation. Studies of passive collapse were repeated. Gas volumes reported are at an ambient temperature of 24 ± 20 C.
The lung preparations were subsequently immersed in normal saline solution at 37°C. The pressure-volume relationships were determined during a stepwise distention with saline solution. Because some solution escaped during the procedure, it was necessary to estimate the final volume from the weight of the preparations. The intermediate volumes were calculated as though saline had escaped at a regular rate. It was demonstrated that saline escape occurred predominantly during filling, since the volume of distended preparations did not change appreciably over periods up to an hour. Thus, Figure 1 ). § The lungs were only partially emptied on this cycle. Standard deviation as
the pressures reported are reliable static measurements. Further, the contained saline could not be aspirated from the trachea so that data were obtained only during filling.
Finally, small sections of the preparations were fixed in formalin for histological examination with Verhoeff's elastic tissue stain. The balance of each preparation was stored at -4°C and subsequently analyzed for collagen and elastin with a modification of the procedure described by Lowry, Gilligan and Katersky (8) . The modified method has been described previously (9) with the single exception that the initial overnight sodium hydroxide extraction was omitted, since the native lungs had been exposed to alkali. Table I presents results of the mercury studies in detail. The mean transpulmonary pressure at maximal distention was 96 mm of mercury. Work recovered on emptying the mercury-filled lungs was calculated from a 400 ml contained volume ( Figure 1 ). This volume was chosen arbitrarily to approximate the functional residual capacity, and the surface area of the lungs was calculated from this level of distention. The mean compliance of the mercury-emptying curves was approximately one-eighth that found in air-filled lungs. This indicates an eightfold increase in retractive force in the mercury-filled lung if the surface areas are assumed comparable with mercury and air filling at similar volumes of distention. Static measurements of pressure and volume with saline filling were similar before and after mercury filling. Gross and microscopic examination of air-dried specimens revealed no severe distortion of lung architecture after mercury filling. Figure 3 presents static pressure-volume data obtained on emptying the lungs which were freshly excised, free of gas and filled with isotonic saline solution. Curve I thus represents the normal tissue elastic behavior in excised dog lungs. Curve II in Figure 3 was obtained in an identical manner after immersion for When such preparations were filled with air, the pressure-volume behavior was similar to that observed in native air-filled lungs. Figure 4 presents a typical static pressure-volume diagram on air inflation and deflation of an alkali-and elastase-treated dog lung preparation. The pressurevolume relationships in Figure 4 do not differ markedly from those measured in vivo with the . chest open. Air compliance in vivo was not significantly different from that found after alkali and elastase treatment (Table III) . There was a difference in the amount of gas trapped on emptying, being much greater in vivo than in the alkaliand elastase-treated lungs. The striking feature is that the preparation shown in Figure 4 exhibited virtually no tissue elastic behavior when studied with saline filling. Figure 5 presents a pressurevolume curve obtained from static measurements of another air-filled dog lung preparation following treatment with alkali and elastase. Figure 5 Passive collapse records with air, before and after elastase treatment, showed no appreciable differences. This indicates that the flow-resistive characteristics of the lung preparations were not greatly altered by treatment with elastase and implies that the geometry of the terminal air spaces was not severely disordered. Examination of elastase-treated preparations dried with air revealed architecture similar to that found in untreated lungs.
RESULTS

DISCUSSION
The studies with mercury metal are suitable for evaluation of the geometry of the terminal air spaces of the lung. This liquid has an extremely high surface tension and is essentially immiscible with the lining layer of the lungs. Thus the mercury-filled lung has an unusually large interfacial tension and produces a large retractive force on distention. The pressure on distention is sufficiently great that the small pressure observed in the saline-filled lung and attributed to tissue elastic performance becomes negligible. Interfacial tension has not been measured within the mercuryfilled lung, but probably would approximate the interfacial tension of mercury measured against extracts of tracheobronchial mucus. Although the question is unsettled whether interfacial tension might vary with changes in interfacial area, a tension decrease of 40 dynes per cm would alter the present results by only 10 per cent. Thus the static pressure-volume characteristics of the mercury-filled lung appear to result from surface phenomena.
If it can be assumed that the pressure-volume relationships of the mercury-filled lung are a reflection of surface phenomena at the mercury lung interface, then the surface area of the lung can be readily calculated. The estimation of surface area is based on the familiar equation relating work to surface area (Equation 1). The pressure-volume curve on emptying is used in the calculation as the distention curves are modified by irregular filling in different portions of the lung. The method of estimating recoverable surface work is illustrated in Figure 1 . The interfacial tension at the lung mercury junction was taken as constant at 370 dynes per cm. The mean values for surface area obtained in the dog lungs are compared with the results of other investigators in Table IV. The alkali-extracted elastase-treated lung offers a similar opportunity to define the geometry of the lung. This lung preparation exhibits essentially no elastic properties when filled with saline. From this, it is reasonable to conclude that the pressure-volume characteristics with air are a reflection of the changing air fluid interfaces with inflation and deflation. If we assume a surface tension of 50 dynes per cm for the lungs washed with water, we can calculate the surface area and the ratio of area to volume at different levels of inflation, using Equation 1. While the value chosen for surface tension is not as secure as in the case with mercury, it appears reasonable. It is also necessary to assume that the surface tension does not vary with inflation and deflation of the lungs. The material described by Clements, Brown, and Johnson (10) may have been removed by sodium hydroxide extraction and repeated water rinsing. The mean value for surface area obtained from the elastase-treated lungs at a 400 ml inflation (5.2 M2) agrees remarkably well with the data from the mercury-filled lung (5.1 M2).
In both types of study the effects of surface phenomena have been exaggerated. This is true in the mercury-filled lung because of high interfacial tension and in the elastase-treated lung measured with saline distention, this in no way proves that the elastic fibers are solely responsible for these properties since the enzyme also probably destroys tissue boundaries and eliminates the effects of interfacial tensions. Thus, the precise role of the elastic fibers is not completely defined.
The size of the air sacs also has importance. Any regularly shaped geometric figure has a unique ratio of surface to volume at every different size. An increase in the radius of curvature leads to a decrease in this ratio. In considering the entire lungs, the ratio of surface to volume must reflect the mean size of the spaces in the lungs. Figure 6 presents the ratio of surface to volume calculated on emptying the mercury-filled dog lungs. It (10) have pointed out that the material observed in the film balance could extend the range of stable volume behavior for individual alveoli and permit the coexistence of alveolar spaces of widely varying sizes in the lungs. They describe this material as having "antiatelectasis" properties. There seems little room for doubt about the existence of an alveolar lining layer which has intense surface activity.
Such are the factors which govern the elastic behavior of the lungs. Information about these factors gained in diverse ways can not be transferred directly to the conditions which exist during life. Thus, the central problem now concerns the relative importance of the various factors already discussed. In our opinion, the size of the air cells is critical in providing a properly curved surface to produce the retractive force necessary to expel air from the lungs. The material lining the lungs may delay the closure of small air spaces with minor changes in pressure and thus lessen the work required to fill the lungs on tidal breathing. The connective tissue framework of the lungs may not participate at all in lung elastic behavior at small volumes of distention. At large volumes, however, these fibers supply the strength necessary to retain the structure of the lungs and thus avoid permanent deformity. Additional studies will be required to determine whether these views are correct.
SUM MARY
1. The elastic properties of dog lungs were studied with mercury filling and after treatment with elastase. The effects of surface l)henomena were (lomiialit ini both of these experimiienits. 2 . Estimates of lung surface area from measureinenits of recov\ered surface wsork were in agreement by) these two methods.
3. In the mercury studies, the over-all ratio of surface to volume decreased and the size of subpleural mercury spherules increased as the lung was emptied; the reverse occurred on filling.
4. The studies with elastase-treated lungs served to show that elastic fibers are not essential for normal elastic performance on inflation with air.
5. Those factors important to the normal pressure-volume characteristics of the lungs were considered in some detail. We believe the size of the terminal air spaces is the single most important consideration.
